Supernumerary chromosomes have been shown to transfer horizontally from one isolate to another. However, the mechanism by which horizontal chromosome transfer (HCT) occurs is unknown. In this study, we compared the genomes of 11 isolates comprising six Fusarium species that cause soybean sudden death syndrome (SDS) or bean root rot (BRR), and detected numerous instances of HCT in supernumerary chromosomes. We also 
transfer (HCT) occurs is unknown. In this study, we compared the genomes of 11 23 isolates comprising six Fusarium species that cause soybean sudden death syndrome which is known to contain supernumerary chromosomes (Miao, Covert & VanEtten, 1991) .
72
These supernumerary chromosomes contain genes involved in resistance to plant antimi-73 crobial compounds and in host-specific pathogenicity (Covert, 1998 reproducing fungus among these species (Covert et al., 2007) . In this study, we selected 80 ten isolates of these closely related species -three (F. virguliforme), three (F. tucuma- Table 1 ). Note that including the reference isolate leads to a total 84 of eleven isolates, four of which are F. virguliforme isolates.
85
We compared the genomes of 11 isolates comprising six Fusarium species that cause 86 protein sequence database at National Center for Biotechnology Information was searched using Blastx (Gish & States, 1993 ) with a genomic coding region as a query to find a set 148 of protein database sequences that are most similar to the coding region. The gene struc-149 ture from Augustus was refined by using AAT (Huang et al., 1997) on the set of protein 150 database sequences. Functional annotation of genes was performed using the HMMER 151 web server (Finn, Clements & Eddy, 2011 
179
To shed light on the last observation, we selected all of the contigs that were at least 
201
The maximum SNP rate for each of the top six isolates in Table 2 whereas low type 2 SNP rates in every region of the genome were observed in the isolates 218 of F. tucumaniae and F. azukicola.
219
We inferred evolutionary relationships among the 11 isolates by constructing a phylo-220 genetic tree (Fig. 2) Table 2 . In addition, mc28.2 and mc28.4 were sufficiently covered by reads from each 252 of these isolates. However, mc28.2 and mc28.4 were barely covered by reads from any of 253 the bottom four isolates in Table 2 . In addition, little variation in mc28.2 was detected 254 between the reference isolate and Fv 34551. For Fv 34551, the major differences in read coverage (≥ 500) of two large regions of mc28.4, a sign that the isolate contained two 306 copies of an element. These observations suggest that copies of the element in scaffold contigs in which some of the isolates were different in their read coverage of these contigs.
A total of 18 scaffolds with such contigs were found (Table 4 ). These scaffolds were 348 candidate supernumerary elements.
349
Genes in supernumerary elements 350 We annotated genes in two supernumerary elements by combining ab initio gene structure The supernumerary CYP53 gene was 43% identical at the amino acid level to another 372 region (contig mc2.51) in the core genome, where the two genes share the same 4-exon 373 gene structure with two short exons followed by two long exons. The core CYP53 gene 374 was present in all of the isolates with no SNPs among the F. virguliforme isolates and a total of 12 SNPs between the F. virguliforme isolates and the non-F. virguliforme isolates.
376
Of the 12 SNPs, 3 were present in all the non-F. virguliforme isolates, 2 were in all the F. 
388
Reverse transcriptase-related enzymes in supernumerary elements
389
The supernumerary element in scaffold 74 carried both RVT1 and RVT2 genes ( domains were in exon 2 encoding 710 residues. Scaffold 74 had a G+C content of 52%.
400
We searched the rest of the reference genome for strong matches to either RVT protein 401 and found 7 additional RVT1 regions and 3 additional RVT2 ones. For each region, 402 we checked whether its scaffold was variable among the isolates, and if so, we checked whether the presence (or absence) of long RVT ORFs in the region was correlated with 404 the presence (or absence) of type 2 SNPs in the read coverage of this region by some 405 isolates.
406
The results of these searches revealed that the region with the largest-scoring match 407 to the RVT1 protein was part of contig mc71.1 from positions 11,784 to 15,975 bp, 2) SNPs between Fv LL0009 and the reference isolate. This region was an instance of long RVT2 ORFs in a supernumerary element with a significant number of SNPs between 464 copies. Such an instance was also detected in the RVT2 region of scaffold 50 (contig 465 mc50.3).
466
The third one was 43% identical to part of the protein from residues 113 to 957 with 467 21 in-frame stop codons. This region was in contig mc57.6 with a G+C content of 44%, 
530
Previous sequence analysis indicates that supernumerary chromosomes possess a dif-531 ferent evolutionary history from the core genome (Covert, 1998) . However, we found 532 that supernumerary chromosomes of F. virguliforme carry genes (e.g., P450 enzymes and 533 a cyclin protein) that are related to those in the core genome. Thus, parts of the F. The discovery of mechanisms for generating genetic variation in the asexual pathogen 564 F. virguliforme raises questions about our understanding of the forces in molecular evolu-565 tion. Mutations are thought to be stochastic and often occur randomly across the genome.
566
However, in F. virguliforme, mutations mostly occur in the supernumerary genome. Pre-567 sumably some of these mutations are beneficial as they help the species produce more 568 variants or compete with the plant host in a toxin arms race. Genetic drift is thought to 569 be the chief cause of molecular evolution (Kimura, 1983). However, without these novel 570 mechanisms to generate genetic variation, genetic drift with primitive random mutation 571 would be too slow to produce any beneficial variation for selection on act on in this asexual 572 pathogen. These novel mutational mechanisms have significantly increased the chances 573 of beneficial mutations. In addition, the mutation rates in eukaryotes may be significantly 574 higher than previously thought because the supernumerary chromosomes of the eukaryotic 575 species F. virguliforme may replicate via an RNA intermediate.
576
Identification of the RT-related enzymes in the supernumerary chromosome that is 577 transferred within and between fungal species is expected to have a major impact on 578 biotechnology by introducing a new tool in transgenic applications involving eukaryotes.
579
This tool can be used not only to move genes from one eukaryotic species to another, but 580 also to set the genes in an automatic mode to quickly produce more beneficial mutations 581 on their own. At the same time, the risk associated with this tool needs to be understood.
582

Conclusions
583
Supernumerary chromosomes evolved much more rapidly than core chromosomes in F. 
